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Abstract 



■ With the use of the world-line formalism, the heavy-quark condensate in the SU(N)-QCD is evaluated for the 
[ cases when the next-to-l/?' term in the quark- antiquark potential at short distances is either quadratic, or 

CNJ ■ linear. In the former case, the standard QCD-sum-rules result is reproduced, while the latter result is a novel 

I one. Explicitly, it is UV-finite only in less than four dimensions. This fact excludes a possibility to have, in 

four dimensions, very short strings (whose length has the scale of the lattice spacing), and consequently the 
short-range linear potential (if it exists) cannot violate the OPE. In any number of dimensions, the obtained 

■ novel expression for the quark condensate depends on the string tension at short distances, rather than on the 
gluon condensate, and grows linearly with the number of colors in the same way as the standard QCD-sum-rules 
expression. The use of the world-line formalism enables one to generalize further both results to the case of 
finite temperatures. A generalization of the QCD-sum-rules expression to the case of an arbitrary number of 
space-time dimensions is also obtained and is shown to be UV-finite, provided this number is smaller than six. 



X 

H ' 1 Introduction. 



One possible way to evaluate the quark condensate is to deduce it from the (one- loop) quark self-energy (i.e., 
the averaged one-loop quark effective action), since these quantities are related to each other by the following 
formula: 

^^^) = -^^WJ>- (1) 

Here, V is the four-volume occupied by the system, m is the current quark mass, the average (. . .) is defined 
with respect to the gluodynamics action in the Euclidean space-time, j J d'^x {F^jf' , where a — 1, . . . , iV^ — 1 
and — 9^/1° — + g f'^'^'^ A^^A'^ stands for the YM field-strength tensor. For the spin-^ quarks, the 

one- loop quark self-energy <^r[^°]) reads ^ (see |2] for a recent review): 
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Here, A stands for the UV momentum cutoff, tfie subscripts P and A impiy the periodic and antiperiodic 
boundary conditions of the respective path- integrals, V'm'^ antiperiodic Grassmann functions (superpartners 
of x^'s), and = A^jT"- with T'^'s standing for the generators of the SU(N)-group in the fundamental repre- 



sentation, [T'', T^] = ip^'^T'', tr T'^T^ 
and {W{0)) = TV, where 



1 jrafc 1 



We have also adopted the normalization conditions (r[0]) = 



{W{C)) = ( trPexp ig 



dTA^Xf^ 



(3) 



is the Wilson loop with the contour C parametrized by the vector-function (r) . 

To evaluate the path integral lO, a certain Ansatz for (yV{C)) should be implemented ^. In ref. (4j, the 
Vacuum Correlator Method (VCM) [HI E] (for a recent review see 0) has been used for a parametrization of 
the Wilson loop. This Ansatz enabled one to find a relation between the short-distance asymptotics of the 
two functions, which parametrized the two-point gauge-invariant correlation function of the YM field strengths 
within the VCM. The aim of the present letter is to explore the heavy-quark condensate by the same world-line 
method, but for various forms of the next-to-l/r term in the short-distance quark-antiquark potential. While 
VCM predicts this form to be quadratic [B] (that, as we shall see, yields the QCD-sum-rules expression |H] for the 
heavy-quark condensate), numerous discussions have recently been made in favor of the linear form [HI 1101 ITT] . 
A naturally arising question is then: what is the expression for the heavy-quark condensate in the case when the 
leading next-to-l/r term in the short-distance potential is linear? An answer to this question for an arbitrary 
number of space-time dimensions will be obtained in the next section. Besides the direct physical application 
in 2d and 3d (the latter of which will also be important for the finite-temperature analysis), an interest to the 
generalization to an arbitrary number of dimensions is that the condensate turns out to be logarithmically UV 
divergent in 4d. This result means that the short-string thickness (that plays the role of the inverse UV cutoff) 
cannot be as small as the lattice spacing, but should rather be comparable with the vacuum correlation length. 
In another words, had strings with a length comparable with the lattice spacing existed, this would lead to an 
UV divergency of the heavy-quark condensate, that cannot be the case. In the language of an effective gluon 
mass ^1 this fact means that a tachyonic gluon mass vanishes in the UV regime, and OPE is not violated 
by short strings (since the latter cannot be "very short"). 

The letter is organized as follows. In the next section, we shall start with the evaluation of the heavy-quark 
condensate in four and further in arbitrary number of dimensions, for the quadratic form of the next-to-l/r 
term in the short-distance potential ^. In section 3, the analysis in an arbitrary number of dimensions will 
be extended to the case of the linear form of the short-distance potential. In section 4, the finite-temperature 
generalizations of both results will be derived in 4d. Finally, in Summary section, all the obtained results will 
be summarized. 



^ Note that the sign at "i g" in eq. j2j differs from that of ref. ^ and stems from the definition of the covariant derivative 
Di_i = 9(j — igA'^T"' , that itself is unambiguously related to the above-presented definition of F^^. 

^In what follows, we mean by {W(C)) that part of the full Wilson loop, which generates terms starting from the linear one in 
the quark-antiquark potential. The Coulomb term yields the multiplicative renormalization of the loop (see e.g. ref. and the 
so-appearing renormalization factor is supposed to be included in the definition of the path-integral measure in eq. l|2j. The same 
concerns other possible (nonperturbative) 1/r-terms in the potential, e.g. the Liischer term. 

^Clearly, in 4d, the QCD-sum-rules result will be reproduced. 
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2 The heavy-quark condensate in the case of quadratic form of the 
next-to-l/r term in the short-distance potential. 

Let us start with the analysis of eq. (0) in 4d. As it has been discussed in ref. 4 , all the gauge-field dependence 
of eq. (O can be reduced to that of the Wilson loop J^J. That is because (as it has been shown e.g. in ref. |12j ) 
the spin part of the world-line action can be rewritten by means of the operator of the area derivative of the 
Wilson loop as follows: 



tr V exp 



T 

ig J dr {Af^Xf, - ipfj.ip^Ffj,^) 






exp -2 / dT^^i;,- {W{C)) . (4) 



Next, the volume factor V becomes extracted from eq. ^ by splitting the coordinate x^{t) into the center- 
of-mass and the relative coordinate as x^ir) = x^ + z^{t), where the center-of-mass is defined as x^ = 

T 

J dTx^{T). The empty integration over x then obviously yields the factor V. 



Further, the Wilson loop Q can be rewritten by virtue of the non-Abelian Stokes' theorem and the cumulant 
expansion as follows (see e.g. 

(WiC)) tr exp { -i^ / da^A^) I da^p{z') {{F^Az)H^, z')F^,{z')^{z' , z))) ) , (5) 



2! 4 

S[C] E[C] 

where $(2, z') = V exp (^g j Ai^i{u)du^ is the phase factor along the straight line, and {{OO')) = {OO') — 

(O) (C) is the two-point irreducible average. To get rid of the artificial S-dependence of the r.h.s. of eq. 
that is due to the neglection of irreducible averages higher than the quadratic one (the so-called bilocal or 
Gaussian approximation S is usually chosen to be the surface of the minimal area for a given contour C (see 
ref. U for discussions). It is also worth commenting that the factor 1/2! in eq. ((SJ is simply due to the cumulant 
expansion, whereas the factor 1/4 is due to the (non-Abelian) Stokes' theorem with the usual agreement on the 
summation over all the indices (not only over those, among which the first one is smaller than the second, used 
in ref. [Hj). 

Next, the typical heavy-quark trajectories are small in a certain sense. Indeed, the free part of the bosonic 
sector of the world-line action reads 

T T 

5ft.ec = -^j dTzlir) +m^T^-J dtzl{t) + 


Here, in the last equality we have performed a rescaling t = |, T"'*^ = 21^ — . Among all the reparametrization 
transformations of the contour, t a{t) with ^ > 0, let us choose the proper-time parametrization i = ^■ 

Here, s is the proper length of the contour, so that T — L/m, where L = J ds = /^''" da^J z'^{a) is the length 

of the contour. Within this parametrization we have /J" dtz^{t) — m J ds (^^^^^j^^ = wL, since ^^^^f^^ 
by the definition of the proper time. Therefore iSfroc — mL, implying that the typical heavy-quark trajectories 
are such that L < 0{l/m). 

For so small contours, we may use the following parametrization for the bilocal irreducible average (cumu- 
lant): 

^The symbol "~" in eq. jFJ is implied in the sense of this very approximation. 
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((F^,.(z)<i>(z, z')F,.,{z')^{z' , z))) = ^tr {F^) {S.xS.p , 



(6) 



and also approximate da^^{z)d<j^v{z') — 2S^^^^^ by S^^, where E^i, — § z^dzi, is the tensor area of the 

contour C (see e.g. ref. 0) ^ ■ The Wilson loop then takes the form 



(M^(C))~iVexp(-CE2^) 



(7) 



where C = \ {Fllu{^)) /■ The quadratic surface dependence of — ln(VF(C)) means that the leading next- 
to-l/r term in the short-distance quark-antiquark potential, one gets within the VCM, is also quadratic. 
The intermediate expression for the heavy-quark self-energy (O then reads: 



OO 1 

{T[Al]) = -2NV J ^e-™^^|p.,|pV.exp - J 



A-2 



- I dT{^zl + i^/vV'v 



X < exp 



Scr^,^{z{T)) 



exp {~cj:%) - 1 



(8) 



In order to proceed with the evaluation of this path integral, it is useful to linearize the S^^-dependence by 
introducing the integration over an auxiliary antisymmetric tensor field. Since S^j^ depends on the contour as 
a whole, this field will crearly be space-time independent. Namely, we obtain: 



exp J = 



1 



(87rC)3 



n 



exp ( --S^^E^^ 



Further, due to the (Abelian) Stokes' theorem B^^Y^^i, — da^i^B^^, and we have: 



exp 



(5ct^^(z(t)) 



e 2B^.^^u = exp N / drBf^^ilj^tp^ 



7 B p^jy^ ^lU 



We have therefore reduced the problem of evaluation of the heavy-quark self-energy in the YM field to the same 
problem for the electron in a constant field B^^, which one should eventually average over. Indeed, eq. ^ takes 
the form: 



2NV 



dT 
— c 
T 



+ 00 



A-2 



n 



Vz^ I DTp^eiip 



- dr [ -z^ + -ipp-ipfi + T^B^^z^^z^ - iS^^'f/'pV'^ 



(47rr)2 



(9) 



The expression in the curly brackets here is the famous Euler-Heisenberg-Schwinger Lagrangian which reads 
(see e.g. refs. EUS]): 



^Note that the equaUty of Smin to y^^iv ^xact only when C is a flat contour located in the (/ii/)-plane. However, being 
used for the evaluation of the path integral j^J in the case of small enough contours (see the discussion above) , this approximation 
will be proved to work perfectly, since in 4d it reproduces the QCD-sum-rules result. 
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(47rT) 

Here, the standard notations have been used 



= 7J^ [T^afe cot(ar) coth(&r) - l] . (10) 



- + a/ (E2 - H2)" + 4(E • H)2 



6' = ; 



fE^ - H^) 



(E2-H2)V4(E-H)2 



with E = i {B41, B42, and H = {B23, —B13, B12) [Bij = SijkHk, B^i = —iEi] being the electric and 
magnetic fields corresponding to the field-strength tensor -B^^. 

Next, due to the factor e^™ in eq. 0, only small values of T are sufficient in the heavy-quark limit, and 
eq. (|10|l can be expanded in powers of T. The leading term of this expansion, which in the expansion of the 
fermionic determinant corresponds to the diagram with only two external lines of the i?^,y-field, stems from the 
following formula: 



T^abcoi{aT) coth(6T) - 1 = ^ (52 _ ^2) ^ (^4^^ . jj)2) ^^^^2^ + (^^a (^2 j 



(11) 



Q</3 



Note that since T ^ m ^ and, owing to eq. B^^, ^ ^ ( (-P"/?i/(0)) )i neglected terms here are of the 
order of 



g^(fe(o))^) 



Nmi- 



, i.e., the expansion goes in powers of the parameter 

,2\ 



g^(fe(0))' 



(12) 



For A'^ = 3, the expansion therefore breaks down for u, d and s quarks, but holds for c, b and t quarks. Note 
also that, as it follows from eq. Ullfl . the range of the B^j^-integration in eq. lO should have been, rigorously 

speaking, reduced to the interval (— 1/T, 1/T) ^ {—m?, m?). However, the characteristic values of ^/i?2^, being 



of the order of O 



are smaller than m2, as long as the expansion holds. This fact enables 

us to keep in eq. jnj the infinite range of the iJ^^-integration with the exponential accuracy. 
Taking then into account that 



1 



+ 00 



(87rC)s 



n 



dB^^e 



J2 Blp = 24C, 

Q</3 



we have: 



2NV 
'3(47r)2 



, dT 
24C / — e 



(13) 



A-2 



The quark condensate, stemming from this formula by means of eq. reads 



2NC 



127rm 



(14) 



that coincides with the result of ref. "H". Note that since ^ and <^(F°^(0))^^ - N^, the condensate (HH) 
grows linearly with N, whereas the parameter (|12|l is of the order of O {N'^) ■ 
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Let us now generalize the above-performed analysis to the case of an arbitrary number d > 2 of space-time 
dimensions. First, one should take into account that in d dimensions the constant C reads gjv(^a_^-) (^{F^j^{0)Y'^ . 

Further, the field has n = ^-^^ nontrivial components ^, and the generalization of eqs. (PJ-CB takes the 
form: 

OO 2 

(r K])^ / f I n / '^^.^^-^ 1 V E ^l,- (15) 

Clearly, the symbol "~" here is implied in the sense of the approximation Hll(l . The latter is controlled by 
the parameter p2|l . which now acquires the factor {d? — d) in the denominator, so that the accuracy of the 
approximation enhances in the large-d case. 

Carrying out the JS^j^-integration, we arrive at the following generalization of eq. H14(l ^: 

OO 

('^^^) = -77fv^i'^^{(F^^M") I dtf-ie~\ (16) 
3(47r)2 \ I J 

(m/A)2 

This expression diverges as In ^ for d = 6 and as A'^"^ for d > 6, while for d < 6 it is finite and reads 
with "F" standing for the Gamma-function. In particular, for d = 2, 3 we obtain 

V 2 



and 



^ ,(^;.(o))'; 

\,^. ' (19) 

3 The case of the Unear form of the next-to-l/r term in the short- 
distance potential. 

In this section, we shall consider the case when the leading next-to-l/r term of the short-distance potential is 
linear, rather than quadratic. Equation Q is then replaced by 



{W{C)) ~ ^exp(-a5„,i„) ~ iVexp ■ (20) 

According to the lattice data [Sj, 

(7=(l-5)(Too (21) 

with (Too — (440 MeV)^ is the standard string tension at large distances. An analytic expression for a has been 
obtained in ref. [TD| and reads 



6 



I.e., a half of all the off-diagonal components. 



'Note that in d dimensions, \ib\ = m 



2^, while [A^] = mi-\ [g] = m^-f , so that a, (^{f^JO))^'^ 



6 



(22) 



For the sake of generality, we shall further work directly in the d-dimensional space-time. Equation ()20|l can 
then be rewritten as follows: 



(WiC)) c N 



dX 

7^ 



exp 



8A 



N 



dX 
, c 



7/2 



-t-CXD 



n 



exp 



7 B ^ly^p^v 



TT 2 0-" 



n 



exp (-|5^t,£:^^) 



2ct 



(23) 



We are therefore again arriving at the effective action in the constant Abelian field B^^i,, and only the weight 
of the average over this field is now different from that of eq. (|f 5|l . Namely, within the approximation we 
obtain instead of eq. l(TB|) : 



2NVT {^) 7 dT e-™"^ ^ 



TT 2 cr" 



A-2 



T (47rT)'^/2 



l/T 



n 

lJ.<v 



dB 



l/T 



(1 



(24) 



Clearly, the symbol "~" should now be understood in the sense of the smallness of the parameter a/w?, rather 
than the parameter (|12|l . Similarly to the latter, ajw? is also small for c, h and t quarks. 
The quark condensate, following from eq. H24() . reads 



Tvr (s±i) a^m'^-s 



3 • 2'i-3r (f ) 



dtt'^~^e~* 



(m/A)2 



^ (1 + ^^)" 



(25) 



where x — 



The dominant contribution to the integral here stems from the region of t around (m/A)^ 



For such t's, the x-integral approximately equals and we arrive at the following result: 

/7/\l 5Nma A 

at d > 4 the condensate diverges as (A/m)'^"'*, while at d < 4 it is finite and equals to 
In particular. 



A^F (s±i) F (2 - f ) am'^-^ 
3 • 2'i-3F (f) TT^ 



(26) 



(27) 



(28) 



2A^cr 
=2 ' 37r2 ■ 

Fet us now discuss the case d = 4. The apparent finiteness of the physical condensate in this case implies 
that some physical meaning should be attributed to the cutoff A. For usual large- distance QCD strings, the 
latter is the inverse string thickness, i.e., the inverse vacuum correlation length, T . It is therefore natural 
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to assume that now A should be the inverse thickness of a short string, . Let us also introduce the short- 
string length L, L ^ ckt'x, where a 3> 1. The two possibilities may then occur for the scale of Lmin: either 
-^min = oia, where a — hr^ is the lattice spacing ("very short strings"), or Lmin = 0{Tg) ("moderately short 
strings"). In the former case, the UV cutoff, , is equal to a^^, while in the latter case it equals ^ , that 

is much larger than T^^, but is still much smaller than a~^. The case of very short strings is therefore ruled 
out by the requirement of finiteness of the heavy-quark condensate, while moderately short strings may exist. 
The linear potential is therefore not developed at very short distances. In another words, this means that the 
tachyonic gluon mass vanishes, and the perturbative OPE remains valid in the UV region. 

Note that in QCD, to the leading order in the parameter of the strong-coupling expansion, (3sc = "^N/g^ , the 
string tension is known to be A^-independent. Nemely, a^o = ^ In — ^ In A, where A = g^N is the 't Hooft 
coupling Therefore, as it follows from eqs. H21I) and l|22|l . to the leading order in /3sc, o" is iV-independent as 
well, and the expressions 1)261) . H28() grow linearly with N in the same way as the expressions (|14ll . (|18ll . (|19|l . 



4 Finite-temperature generalizations in four dimensions. 

In this section, we shall generalize the above-obtained 4d-results (|14() and (|26l) ^ to the case of finite temper- 
ature In the case of eq. (I14|) . the main ingredient necessary for such a generalization is the formula which 
properly accounts for the antiperiodic boundary conditions for quarks, one should take care of in the course of 
integration over them at finite temperature. Such a formula has been derived in ref. jl4| . where it has been 
shown that at finite temperature, the (zero-temperature) heat kernel for fermions becomes multiplied by the 
factor 



l + 2^(-l)"e- 



(29) 



)i=i 



where n labels the Matsubara mode. We therefore obtain from eq. ()13|l : 



2^ .,c( ^ 
3(47r)2 dm 



dT 



A-2 



2}^(-l)"e- 



OC 



1 -I- 2/3m 2^(-l)"nA:i(/3mn) 



(30) 



where ifj^'s from now on stand for the modified Bessel functions, and ('0V')q is given by eq. 1)14(1 with the 
temperature-dependent gluonic condensate. The latter is known to experience a drop by a factor of the order 
2 at the deconfinement temperature, Tc, due to the evaporation of the chromoelectric condensate For c, 
b and t quarks under discussion, the QCD deconfinement temperature is much smaller than the quark mass, 
i.e., Pm ^ 1. Within this inequality, only the first Matsubara mode yields a sufficient contribution to the 
sum in eq. ((3()|l . whereas all higher modes may be disregarded. In this case, we obtain the following leading 
(exponentially small) correction to the heavy-quark condensate: 



(^V) - (^V')o (l- \/27r/3me 



-/3m 



(31) 



"The Af-independence of a^c stems also from the natural conjecture that the linear term in the large-distance quark-antiquark 
potential should have the same A^-dependence as the Coulomb term, that is V'coulC'') = — ^2N^ ~ ^ (^'')' 

®In the latter case, as it has been discussed above, it is implied that A is attributed the physical meaning of the inverse short-string 
thickness. 

'^"it should not be confused with the proper time! To avoid possible confusions, wc shall frequently use below the inverse 
temperature, /3. 
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When the temperature T is larger than the temperature of dimensional reduction in QCD, Td.r., the theory 
becomes three-dimensional. Consequently, eqs. (I30II . (|31|l are no more valid, and the derivation should rather 
be based on eq. (|16() at d = 3. Using eq. H29() and performing the proper-time integration, we obtain instead of 
eq. 



(2/3m) 



3/2 °° 



n=l 



(-l)"n3/2i^3/2(/3mn) 



where {^ij;ip'j^ is given by eq. (|19|l Since Td.r. does not exceed 2Tc |TQ, for c, &, and t quarks under discussion 
a rather broad range of temperatures above Tj.r. exists, in which /3to 3> 1. For such temperatures, we obtain 
instead of eq. (|^ : 

(ViV) - (V^V')o (1 - 2/?me-^") , 

where l^'ip^') ^ is again given by eq. (|19|l . 

Let us now consider the finite-temperature generalization of eq. H26|l . Note that in this case, since r±_ grows 
with the temperature, one may substitute rj_ for only for such temperatures, at which the inequality 
mr±{T) <C 1 holds. For the sake of generality, let us assume that this is true up to temperatures larger than 
Td.r.. Then, at T < Tc, the direct combination of eq. (at d = 4) with eq. ((23 yields 



('0V') = {Hj)r 



In A ^ ' 

m n=l 



4)"Xo(/3mn) 



2tt e-^"' 



(3m In : 



(32) 



where (V''0)o given by eq. H26|l . At T > Tc, only the spatial part of the string tension, CTs, does not vanish, 
and the Wilson loop reads [cf. eqs. 



{W{C)) ~ iVexp 



^12 



^13 



^23 



N 



+ CXD 



n 



dB., 



exp 



(1+2^^^^ 



(33) 



One should further distinguish the cases T e [Tc,Td.r.] and T > Td.r.. In the former, although in eq. I|33|l 
is a 3 X 3-matrix, the theory is still four-dimensional, and one should therefore substitute d = 4 into the factor 
(47rr)^'*/^ of the Euler-Heisenberg-Schwinger formula on the r.h.s. of eq. (|24|l . This yields 



2Nmas , A 



In A ^ 

ni n=l 



2Nmas , A 



1 - 



2tt e-''™ 




/3m In A 



The difference of the overall factor 



2jVmJa 
37r3 



in this expression from the factor 



(47r)2 



of eq. 



is clearly due to 



the fact that the temporal part of the Wilson loop vanishes when one passes from T < T^toT > Tc. Note that, 
naively, one could have expected at T — Tc + the factor ^pfp^, that turned out not to be the case. However, 

the numerical difference of the two factors is small, since J- ~ 0.21, while ^ ~ 0.31. Finally, at T > Td.r., the 
theory becomes fully three-dimensional, and we obtain from eq. (I25|l at d = 3 [combined with eq. H29(l ] 



2/3m ^ 

n=l 



{-irV^Ku2{(3mn) 



(^0')Jl-2e 



-I3rn\ 



Here, (%pi>')^ is given by eq. (|28|l with the substitution a 



Clearly, at such temperatures, the gluonic condensate in eq. 1191 is purely chromomagnetic. 
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5 Summary. 



In the present letter, we have apphed the world-hne formahsm to a derivation of the heavy-quark condensate 
in QCD. The main idea implemented is that, due to the fact that the heavy-quark trajectories are quite small, 
the respective Wilson loop can be expressed in terms of the so-called tensor area. The resulting path-integral 
then reduces to the one in an auxiliary constant Abelian field, that is a famous Euler-Heisenberg-Schwinger 
Lagrangian. This auxiliary field should then be averaged over with a weight prescribed by the form of the 
short-distance quark-antiquark potential. Such an approximation of the Wilson loop by a function of the tensor 
area has been first successfully tested in section 2. There, the quadratic form of the next-to-l/r term of the 
potential, which follows from the VCM, has been adopted, and as a result the QCD-sum-rules expression for 
the heavy-quark condensate in four dimensions has been reproduced. This result has further readily been 
generalized to the case of an arbitrary number d > 2 of space-time dimensions. (In particular, it has been found 
that at d > 6, the condensate is UV divergent.) Being encouraged with this successful test, we have proceeded 
in section 3 with another tensor-area-based Ansatz for a small Wilson loop, namely the one which produces the 
linear short-distance potential. Surprisingly, we have found that in this case the condensate is explicitly UV 
finite only at d < 4, whereas at c? = 4 it is (logarithmically) divergent. We have further argued that the problem 
of this divergency can be bypassed (by attributing to the UV cutoff the physical meaning of the inverse string 
thickness) only provided very short strings (of a length comparable with the lattice spacing) are forbidden. This 
means that the tachyonic gluon mass, which produces the short-distance linear potential, should vanish in the 
UV region, and the perturbative OPE should remain valid in this region. Such a conclusion coincides with the 
one of ref. jllj . where it has been drawn from the direct evaluation of the tachyonic gluon mass. 

We have also demonstrated that the A^-dependence of the condensate corresponding to the linear form 
of the next-to-l/r term in the short-distance potential is the same as the one of the standard condensate 
corresponding to the quadratic term, namely both condensates grow linearly with A^. We have further studied 
the finite-temperature behaviors of both condensates. Specifically, it turned out that for heavy (i.e., c, 6, and t) 
quarks under study, accounting for antiperiodic boundary conditions for fermions leads to corrections, which are 
exponentially small in the parameter /3m (both below the temperature of dimensional reduction and in the broad 
range of temperatures above it). As for the leading term, in the case of quadratic short-distance potential it is 
given by the corresponding 4(i- and Sd-expressions below and above the temperature of dimensional reduction, 
respectively, with the gluonic condensate saturated above the deconfinement temperature by its chromomagnetic 
part only. In the case of the linear potential, the whole analysis is legitimate only within such temperatures, 
at which the short-string thickness, which grows with the temperature, remains much smaller than the inverse 
quark mass. Assuming the general case when this is true up to temperatures higher than the temperature 
of dimensional reduction, we have demonstrated that the leading term of the quark condensate is different 
in the region between the deconfinement temperature and the temperature of dimensional reduction, and in 
the region of temperatures higher than the temperature of dimensional reduction. Namely, while in the latter 
region this term is merely the zero-temperature 3c?-result with the full string tension replaced by the spatial 
one, in the former region the result is completely novel. That is because in this region the theory is still four- 
dimensional, but the quark Wilson loop is that of the 3d-theory (since only the spatial string tension survives 
the deconfinement phase transition). As a consequence, only the parametric dependence of the respective result 
on A'^, m, and as is the same as that of the zero-temperature 4d-one (with the spatial string tension replaced 
by the full one), while the numerical factors of the two results are different, albeit close to each other. 
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